Abstract-We present a self-consistent calculation of the effective anisotropy of patterned, integrated ferromagnetic films. For comparison, experimental data were obtained from electroplated thin (0.5 m) Ni-Fe films with different patterns. The effective anisotropy of patterned samples was increased by shape demagnetizing effects from just 10 Oe up to 100 Oe. The samples with suitable characteristics were subsequently used as cores for on-chip inductors and microstrips.
I. INTRODUCTION
T HE low ferromagnetic resonance (FMR) frequency of ferromagnetic (FM) films compatible with the current standard integrated circuit technology prohibits their application in integrated RF devices such as inductors and transformers. Film micropatterning has been suggested as the means to raise the FMR frequency by increasing the magnetic shape anisotropy [1] , [2] . This, in turn, requires accurate models, which predict the nonuniform distribution of magnetization and demagnetization field inside the film [3] . The well-known perturbation theoretical calculations in the literature [4] , however, assume a large, additionally applied DC magnetic field, which cannot be realized in IC applications. The magnetometric approximation [5] , on the other hand, does not use a DC field, but assumes a uniform magnetization in the whole sample. This approach looses its validity in on-chip designs were nonellipsoidal (rectangular) samples are used. In this work we present a full, self-consistent calculation of the nonuniform distribution of the magnetization and demagnetization field in patterned ferromagnetic thin films. We will investigate the influence of patterning on the initial (DC) permeability and FMR frequency of the films. The results obtained are shown to be in good agreement with B-H loop measurements on patterned samples. II. MODEL For a thin FM film with a uniform easy axis lying in the plane of the film (along the axis) and a uniform demagnetization field, the FMR frequency is given by the Kittel formula (1) where is the gyromagnetic ratio, is the magnetization, is the intrinsic anisotropy field, and , , are the demagnetization factors in the , , and directions, respectively, and the axis is perpendicular to the plane. For a thin ferromagnetic film magnetized along the in-plain easy axis, the condition holds. Since for Ni-Fe , (1) can be simplified to (2) Typical values of for Ni Fe alloys are in the range 2-10 Oe, which yield a maximum FMR frequency of 0.9 GHz for in-plane infinite thin films.
In traditional, discrete devices the FMR frequency is increased by applying an additional DC field along the easy axis, effectively increasing the anisotropy . This approach is not feasible for on-chip applications, where permanent magnets or bulky DC coils cannot be used. Instead, one has to exploit the demagnetization field induced by the shape anisotropy of patterned films [1] , [2] . One should bear in mind, however, that the concept of demagnetization coefficients was introduced for uniform demagnetizing fields of an ellipsoidal body, and cannot be applied to on-chip designs were rectangular samples are used. In the latter case, the demagnetization field becomes nonuniform, leading to a nonuniform alignment of the magnetization.
In order to obtain the distribution of magnetization inside patterned rectangular samples, we consider the total magnetic energy of the system consisting of the demagnetizing, anisotropy, and external-field energies (the exchange energy is neglected) (3) where is the anisotropy coefficient, is an external DC field, and is the demagnetization field given by We will assume that the magnetization is uniform along the normal to the thin film (along the axis) and has only in-plane components. This is a realistic assumption for thin m ferromagnetic films with in-plane anisotropy in case of in-plane DC fields. The energy functional (3) can be discretized by dividing the sample into rectangular prisms of equal size. Assuming a constant magnetization within each cell and neglecting the nondiagonal components of the demagnetization fields, the energy functional can then be written as (5) where denotes the magnetization in the th cell, and and are the magnetometric demagnetization tensors representing the (averaged) demagnetization field in the cell arising from the magnetization of the cell [5] . Equation (5) was numerically minimized under the constraint for various patterned samples. Table I ). The effective anisotropy is extracted from the initial slope of the B-H loop (6) Although originally derived for uniformly magnetized samples [6] , (6) can be applied to nonuniform samples in a phenomenological way. For samples A, B, and C (Table I) , was found to be 45, 100, and 35 Oe, respectively, corresponding to a FMR frequency of 1.9, 2.8, and 1.65 GHz. The latter was verified by using the samples as cores of on-chip inductors and microstrips [7] , [8] . The estimated DC permeability (initial slope of the B-H curve for a small external field) was 210, 100, and 260 for samples A, B, and C, respectively.
III. EXPERIMENTAL RESULTS

Fig. 1 shows the measured hard-axis B-H loops for three patterned Ni-Fe films (
The results of our self-consistent calculations are shown as solid black lines in Fig. 1 . In addition, we have included the values predicted by the magnetometric approach [5] , which assumes a uniform magnetization, but averages the demagnetization field to arrive at overall demagnetization factors. As shown in Fig. 1 , the latter method overestimates the effective anisotropy and underestimates the value of the initial permeability in all cases.
The self-consistent model, however, shows a much better agreement with experiments, in particular for samples with a large shape anisotropy (A,B). Furthermore, both experimental curves and the self-consistent calculation show full saturation along the hard axes to take place at much higher fields than those predicted by the magnetometric approach. Fig. 2 shows the calculated distribution of the component of magnetization in sample C for different values of the external field H applied in the direction (hard-axis). The regions with (mainly) hard-axis orientation of magnetization are formed near the edges of the sample parallel to the axis. For segments with a high aspect ratio such as in A and B, the influence of these regions on the overall averaged magnetization is negligible. But for the segments of sample C, with a 4 : 1 aspect ratio, the presence of those regions leads to an observable component (Fig. 1, sample C) . of in the hard direction even in the absence of an external field. It is interesting to note that our self-consistent calculation yields a nonzero magnetization (and two equivalent energy minima) in the absence of the external field for this sample, corresponding to two different orientations of the magnetization near the edges. Whether these states are related to the observed hysteresis in C, or whether they are just numerical artifacts (local instead of global minima of the energy) is still unclear to us. In particular since our model does not take into account domain formation.
IV. CONCLUSION
The nonuniform distribution of magnetization inside patterned Ni-Fe films with rectangular segments has been calculated by minimizing the magnetic energy of the system. The results obtained are in good agreement with experimental data from hard-axis B-H loop measurement. The model can be successfully used for prediction of the FMR frequency and permeability of patterned ferromagnetic cores of on-chip RF devices.
